Positive end expiratory pressure (PEEP) is important for neonatal ventilation but is not considered in guidelines for resuscitation. Our aim was to investigate the effects of PEEP on cardiorespiratory parameters during resuscitation of very premature lambs delivered by hysterotomy at~125 d gestation (term 147 d). Before delivery, they were intubated and lung fluid was drained. Immediately after delivery, they were ventilated with a Dräger Babylog plus ventilator in volume guarantee mode with a tidal volume of 5 mL/kg. Lambs were randomized to receive 0, 4, 8, or 12 cm H 2 O of PEEP. They were ventilated for a 15-min resuscitation period followed by 2 h of stabilization at the same PEEP. Tidal volume, peak inspiratory pressure, PEEP, arterial pressure, oxygen saturation, and blood gases were measured regularly, and respiratory system compliance and alveolar/ arterial oxygen differences were calculated. Lambs that received 12 cm H 2 O of PEEP died from pneumothoraces; all others survived without pneumothoraces. Oxygenation was significantly improved by 8 and 12 cm H 2 O of PEEP compared with 0 and 4 cm H 2 O of PEEP. Lambs with 0 PEEP did not oxygenate adequately. The compliance of the respiratory system was significantly higher at 4 and 8 cm H 2 O of PEEP than at 0 PEEP. There were no significant differences in partial pressure of carbon dioxide in arterial blood between groups. Arterial pressure was highest with 8 cm H 2 O of PEEP, and there was no cardiorespiratory compromise at any level of PEEP. Applying PEEP during resuscitation of very premature infants might be advantageous and merits further investigation. At birth, the lungs of premature infants are completely airless, fluid filled, surfactant deficient, and noncompliant. It is common for these infants to require ventilation after birth. The recommended technique of resuscitating infants is with a neonatal resuscitation bag (1,2) connected to a face mask or endotracheal tube. The most common devices used do not provide positive end expiratory pressure (PEEP) and therefore may contribute to atelectasis, acute lung injury (3), and hyaline membrane formation. Although PEEP valves are available for self-inflating resuscitation bags, they are not in common use or recommended. PEEP and continuous positive airway pressure (CPAP) 
Positive end expiratory pressure (PEEP) is important for neonatal ventilation but is not considered in guidelines for resuscitation. Our aim was to investigate the effects of PEEP on cardiorespiratory parameters during resuscitation of very premature lambs delivered by hysterotomy at~125 d gestation (term 147 d). Before delivery, they were intubated and lung fluid was drained. Immediately after delivery, they were ventilated with a Dräger Babylog plus ventilator in volume guarantee mode with a tidal volume of 5 mL/kg. Lambs were randomized to receive 0, 4, 8, or 12 cm H 2 O of PEEP. They were ventilated for a 15-min resuscitation period followed by 2 h of stabilization at the same PEEP. Tidal volume, peak inspiratory pressure, PEEP, arterial pressure, oxygen saturation, and blood gases were measured regularly, and respiratory system compliance and alveolar/ arterial oxygen differences were calculated. Lambs that received 12 cm H 2 O of PEEP died from pneumothoraces; all others survived without pneumothoraces. Oxygenation was significantly improved by 8 and 12 cm H 2 O of PEEP compared with 0 and 4 cm H 2 O of PEEP. Lambs with 0 PEEP did not oxygenate adequately. The compliance of the respiratory system was significantly higher at 4 and 8 cm H 2 O of PEEP than at 0 PEEP. There were no significant differences in partial pressure of carbon dioxide in arterial blood between groups. Arterial pressure was highest with 8 cm H 2 O of PEEP, and there was no cardiorespiratory compromise at any level of PEEP. Applying PEEP during resuscitation of very premature infants might be advantageous and merits further investigation. recommended technique of resuscitating infants is with a neonatal resuscitation bag (1, 2) connected to a face mask or endotracheal tube. The most common devices used do not provide positive end expiratory pressure (PEEP) and therefore may contribute to atelectasis, acute lung injury (3), and hyaline membrane formation. Although PEEP valves are available for self-inflating resuscitation bags, they are not in common use or recommended. PEEP and continuous positive airway pressure (CPAP) are available during neonatal resuscitation with the Neopuff Infant Resuscitator (Fischer & Paykel, Auckland, New Zealand). Little is known about the clinical or physiologic effects of PEEP during resuscitation of the premature infant (4) .
Previous studies have shown that the application of PEEP during the mechanical ventilation of premature infants with respiratory distress improves blood oxygenation (5) (6) (7) . This is because PEEP increases lung volume (8 -11) , surface area, and compliance (6, 8, 12) . Increasing the PEEP lowers expiratory resistance (12) , conserves surfactant (6), and reduces hyaline membrane formation (12) (13) (14) , alveolar collapse, and the expression of proinflammatory mediators (15) . Without PEEP, the lung volume falls in intubated ventilated infants (16) .
In view of its beneficial effects, it is surprising that PEEP and CPAP have not been considered in guidelines for resuscitation of premature infants. Neither the International Liaison Committee on Resuscitation advisory statement nor other guidelines on resuscitation of very premature infants suggest the use of PEEP or CPAP (1, 2, 17) .
In this study, our objective was to determine the effects of different levels of PEEP on ventilation parameters, blood gases, and arterial pressure during the resuscitation and stabilization of very premature lambs at birth. The study continued beyond the immediate resuscitation period, defined as the first 15 min, to determine whether any effects of PEEP persisted during the next 2 h of ventilation.
METHODS
This study was approved by the Monash University Animal Welfare Committee.
Surgical procedures. We studied lambs of 19 Merino ϫ Border Leicester ewes at~125 d gestation, which corresponds to~26 wk of human lung development (18) . The ewes were anesthetized (halothane, 2-3% in O 2 ), intubated, and placed supine; a hysterotomy was performed to expose and exteriorize the fetal head and neck. Catheters were inserted into the fetal carotid artery for blood sampling and arterial pressure monitoring and into the jugular vein for the administration, after delivery, of anesthetic (pentobarbitone) and glucose (5% dextrose at 2.5 mL · kg Ϫ1 · h Ϫ1 ). The fetus was intubated with a 3.5-mm cuffed endotracheal tube, and excess lung liquid was drained by gravity before the umbilical cord was clamped and cut. The lamb was delivered, weighed, dried, placed in a neonatal warmer unit in the supine/lateral position, and connected to a Babylog 8000 plus ventilator (Dräger Medical, Lubeck, Germany) initially at a fraction of inspired oxygen (FiO 2 ) of 1.0. Rectal temperature was recorded continuously and maintained as near to 39°C as possible. After delivery of lambs, the ewes were killed.
Ventilation protocol. Before delivery, each lamb was randomly allocated to receive ventilation with 0, 4, 8, or 12 cm H 2 O of PEEP. It was believed to be important to maintain a constant tidal volume (V T ), so the Dräger 8000 plus ventilator was used in volume guarantee mode to deliver an expired V T of 5 mL/kg from the first inflation. This ventilator uses a hot-wire anemometer to measure flow and calculate V T . In volume guarantee mode, the ventilator adjusts the peak inspiratory pressure (PIP), on a breath-by-breath basis, to ensure that the set V T is delivered. The maximum PIP was set at 70 cm H 2 O to enable the ventilator to vary the PIP up to this level. The ventilator flow was initially set at 10 L/min and then adjusted manually by observing the pressure wave form to ensure that the PIP was maintained for the last 30% of the inspiratory time. The inspiratory time was initially set at 0.3 s and a ventilator rate of 80 inflations/min. Flow waves were observed to ensure that there was no air trapping. The expiratory time and FiO 2 were altered to try to maintain arterial pH at 7.30 -7.45, partial pressure of carbon dioxide in arterial blood (PaCO 2 ) at 35-60 mm Hg, and oxygen saturation (SaO 2 ) at 90 -98%. The lambs were ventilated for 135 min consisting of a 15-min resuscitation period followed by 2 h of stabilization at the same PEEP. At autopsy, the diaphragm was examined to detect pneumothoraces before the chest wall was opened.
Data collection. V T , PIP, PEEP, arterial pressure, and heart rate were recorded continuously using a data acquisition system (PowerLab, ADInstruments Pty. Ltd., Castle Hill, NSW, Australia). Respiratory system compliance (C RS ) was calculated as the change in volume divided by change in pressure at two points of zero flow in a respiratory cycle. Arterial blood gases (ABL 520; Radiometer, Copenhagen, Denmark) were measured and corrected for body temperature every 5 min for 15 min and then every 10 min for the remainder of the 2-h period. As the FIO 2 , PaCO 2 , and the partial pressure of oxygen in arterial blood (PaO 2 ) changed with time, the alveolar-arterial oxygen difference (AaDO 2 ) was calculated, where
Statistical analysis. Results are presented as mean (Ϯ SEM) unless otherwise indicated. At 15 min after the onset of ventilation, each parameter was compared among the four groups by a one-way ANOVA. The data for the entire experimental period were compared using a two-way repeated measures ANOVA with a least-squares differences post hoc analysis to detect changes with time. FIO 2 and AaDO 2 were transformed to normalize the data using an arcsine square root. Statistical significance was set at P Ͻ 0.05.
RESULTS
Data about the lamb weights, V T values, pneumothoraces, and survival during the studies are shown in Table 1 .
PIP
As the expired V T was set at 5 mL/kg, the PIP differed for each level of PEEP. At 15 min after birth, for the 0-, 4-, 8-, and 12-cm H 2 O of PEEP groups, respectively, the mean (SEM) PIP was 35.8 (1.0), 31.4 (1.6), 34.3 (1.6), and 45.7 (2.0) cm H 2 O (Fig. 1a) . At 15 min, PIP in the 12-cm H 2 O of PEEP group was significantly greater (P Ͻ 0.001) than the PIP for the 0-, 4-, and 8-cm H 2 O of PEEP groups. There were no significant differences in PIP among the 0-, 4-, and 8-cm H 2 O of PEEP groups at 15 min.
During the 135-min study, the mean PIP significantly increased with time (P Ͻ 0.05) in the 0 PEEP group. In contrast, the PIP decreased with time in the other three treatment groups.
PEEP RESUSCITATION OF PREMATURE LAMBS

MEAN AIRWAY PRESSURE
The mean airway pressures at 15 min after birth with 0, 4, 8, and 12 cm H 2 O of PEEP were 11.9 (0.3), 12.9 (0.5), 16.5 (0.5), and 22.9 (0.7) cm H 2 O, respectively (Fig. 1b) . At this time, the mean airway pressure with 8 cm H 2 O of PEEP was significantly lower (P Ͻ 0.001) than with 12 cm H 2 O of PEEP and significantly higher than with 0 or 4 cm H 2 O of PEEP (P Ͻ 0.001). There was no significant difference between 0 and 4 cm H 2 O of PEEP.
With 0 PEEP, the mean airway pressure increased with time. In contrast, with 4-cm H 2 O of PEEP, the mean airway pressure decreased slightly over the first few minutes and then steadied. With 8 cm H 2 O of PEEP, the mean airway pressure fell slowly, and with 12 cm H 2 O of PEEP, it increased rapidly in the first few minutes and then slowly declined to the starting pressure. There was little change in mean airway pressure during the 2 h, although it tended to increase with 0 PEEP.
COMPLIANCE OF THE RESPIRATORY SYSTEM
The C RS at 15 min, with 0, 4, 8, and 12 cm H 2 O of PEEP, respectively, was 0.14 (0.00), 0.17 (0.01), 0.17 (0.01), and 0.15 (0.01) mL · cm H 2 O Ϫ1 · kg Ϫ1 (Fig. 1c ). These were not significantly different. With 0 PEEP, C RS decreased significantly up to 85 min and then steadied. With a PEEP of 4, 8, or 12 cm H 2 O, the C RS significantly improved with time.
INSPIRED OXYGEN
The (Fig. 2a) . Although there was no difference between groups at 15 min or for the whole study, the FIO 2 tended to be lower with 8 or 12 cm H 2 O of PEEP than with 0 or 4 cm H 2 O of PEEP (P ϭ 0.08). Over the next 2 h, the FIO 2 continued to fall to~0.5 with 8 cm H 2 O but remained at~0.9 with 4 cm H 2 O .
OXYGEN SATURATION
At 15 min, SaO 2 was 62.5 (7.7), 98.1 (1.6), 97.8 (1.0), and 100% (0.0) with 0, 4, 8, and 12 cm H 2 O of PEEP, respectively (Fig. 2b) . SaO 2 in the 0 PEEP group was significantly lower (P Յ 0.006) than in the other three groups throughout the studies and was suboptimal at~65% despite an FIO 2 of 1.0. There were no significant differences between the other groups. There was no significant change in SaO 2 with time in any group. (Fig. 3a) . There were no significant differences between the groups. Most values were at or above the upper end of the target range. During the rest of the study, PaCO 2 increased steadily and significantly to~90 mm Hg with 0 PEEP. There was no significant change with time at the other PEEP levels. The increase in PaCO 2 with 0 PEEP was significantly different from the other groups (P Ͻ 0.05), although the overall values in each of the groups were not significantly different.
ARTERIAL PH
The arterial pH at 15 min was 7.14 (0.02), 7.20 (0.03), 7.14 (0.03), and 7.15 (0.03) with 0, 4, 8, and 12 cmH 2 O of PEEP, respectively, with no significant differences between groups (Fig. 3b) . During the study, pH deteriorated in the 0 PEEP group and improved in the 8 cmH 2 O of PEEP group. It was unchanged with 12 cm H 2 O of PEEP and decreased very slightly with 4 cm H 2 O of PEEP.
MEAN ARTERIAL PRESSURE
The mean blood pressure was within the normal range. At 15 min, it was 36.8 (1.5), 37. 
DISCUSSION
This study has shown that the use of PEEP during resuscitation and short-term ventilation of very immature lambs produced a marked improvement in oxygenation, halving the AaDO 2 within 10 min of delivery, with little increase in PaCO 2 or adverse effects on arterial pressure. The implication of this finding is that PEEP up to 8 cm H 2 O should be considered, after further evaluation, for use during resuscitation of premature infants at birth.
The study was done without fetal exposure to antenatal steroids to investigate the response of extremely immature lungs to PEEP during resuscitation because the sickest infants often have not received the benefits of this treatment. Surfactant was not used because it is still common practice to give surfactant to very premature infants only after they are stabilized in the neonatal intensive care unit. The acute improvement in oxygenation with 8 cm H 2 O of PEEP was similar to the well-known effect of surfactant treatment on FIO 2 in premature infants. It is not possible to extrapolate from this study what the effect of PEEP would have been if surfactant had been given before the first breath. Further experiments are needed to investigate the effects after treatment with antenatal steroids and postnatal surfactant.
The effect of PEEP on oxygenation was evident within 5 min of birth and persisted almost unchanged for the remainder of the 135 min. At 0 PEEP, the oxygenation was always suboptimal despite an FIO 2 of 1.0. The effect of PEEP on oxygenation improved when the PEEP increased up to 8 cm H 2 O, but no further benefit was seen at 12 cm H 2 O of PEEP.
This study has shown that the use of any level of PEEP significantly increases lung compliance by~25%, compared with 0 PEEP, with 8 cm H 2 O having the biggest effect. This improvement is similar to the effect of surfactant treatment on compliance in the first few hours of life of very premature infants (19) .
Although PEEP is used during mechanical ventilation of very premature infants, it has not been considered in the guidelines for resuscitation at birth, at a time when the lung gas volume is being established (1) . There is increasing evidence that this may be just the time when the immature lung is the most susceptible to injury (20, 21) . It has been stated that "the greatest volutrauma occurs when lung units are cycled from collapse to overinflation, and it is probable that this is precisely what happens in the delivery room" (3). PEEP conserves surfactant and is important for maintaining lung volume and oxygenation in ventilated neonates (6) . It has been shown in lambs that received respiratory support with either endotracheal CPAP alone or ventilation with PEEP that lambs that were supported with CPAP alone had higher lung volumes and less evidence of acute lung injury (22) .
In newborn lambs, the larynx modulates lung volume by restricting the expiratory flow of air, thereby producing positive intratracheal pressures during expiration (23) . This intrinsic PEEP, or expiratory braking, promotes lung distension (24, 25) . Intubating infants for resuscitation effectively bypasses the larynx and abolishes this intrinsic PEEP. As a result, ventilation of intubated newborns in the absence of PEEP significantly reduces lung volumes (26, 27) .
This study involved intubated lambs, whereas most preterm infants are initially resuscitated with a mask connected to a resuscitation bag. It thus is difficult to fully extrapolate our findings to the delivery room. However, the effect of PEEP on oxygenation in the first few minutes of resuscitation was so large that it would be surprising if PEEP during endotracheal ventilation and CPAP during bag and mask ventilation do not have some beneficial effect on oxygenation during resuscitation of very premature infants. The effects of CPAP in infants in the early stages of respiratory distress syndrome (RDS) are well described (5, 28, 29) . It therefore seems appropriate that a positive end expiratory pressure be applied to the airway from birth in premature infants who are at risk of developing RDS.
Premature lambs at 125 d of gestation were used as a model for very premature infants because their lung structure is similar (30) . Indeed, they have stiff, fluid-filled lungs with a compliance in a similar range to ventilated very immature infants (19, 31) . The levels of PIP required to achieve a V T of 5 mL/kg at the different PEEP levels in these lambs were similar to those used during ventilation of very premature infants who are untreated with antenatal steroids and surfactant, although it is to be noted that a PEEP of 12 cm H 2 O resulted in a very high PIP and mean airway pressure that may have caused the pneumothoraces.
A V T of 5 mL/kg was chosen for several reasons. This is within the range of V T values used for spontaneously breathing premature infants (32) . Using a set V T in the Dräger Babylog 8000 plus volume guarantee mode meant that an arbitrary PIP did not have to be chosen for the studies. With increasing concern that high V T ventilation causes lung damage, this was a modest V T (33) (34) (35) . This study has shown that a V T of 5 mL/kg, in the presence of PEEP, can be used to successfully ventilate very premature lambs from birth without any other maneuver to inflate the lung. The PaCO 2 levels were a little high at all levels of PEEP, and a slightly greater V T might have produced a lower PaCO 2 . However, the relative merit of hypercarbia and normocarbia in the ventilation of premature infants is still being debated (36) .
Some would consider a PEEP of 8 cm H 2 O so high that it might compromise arterial pressure by compressing the heart and blood vessels in the thorax. The use of 6 cm H 2 O of PEEP had no effect on arterial pressure in ventilated infants with severe RDS (37) . In a study of ventilated premature infants at a PEEP of 8 cm H 2 O, systemic and pulmonary blood flow were reduced but the heart rate and MAP remained constant (38) . The present study has shown, with stiff lungs (compliance 0.15-0.2 mL · kg Ϫ1 · cm H 2 O Ϫ1 ), no adverse effect on MAP during resuscitation. In fact, the highest MAP was with a PEEP of 8 cm H 2 O. The effect of a pressure applied to the lungs on blood pressure depends on how much pressure is transmitted to the heart and blood vessels in the thorax. This will depend on the compliance of the lungs.
Another concern about high levels of PEEP is that the lungs may become overdistended and interfere with gas exchange. Others have shown, in ventilated premature infants, that with every increase in PEEP, there is an associated increase in PaCO 2 (3, 5, 35 ). In the current study, PaCO 2 and oxygen levels in the lambs that were treated with PEEP were better than with 0 PEEP. The improved compliance also strongly suggests that the lungs were not overexpanded by the 8 cm H 2 O of PEEP (39) . However, although a PEEP of 12 cm H 2 O achieved very good oxygenation and the PaCO 2 was similar to that at lower PEEP levels, all lambs that were treated with this level of PEEP developed pneumothoraces and died. This is a strong indication that 12 cm H 2 O of PEEP may be too high for human infants.
One problem with using premature lambs for these studies is that they were anesthetized. Therefore, they did not gasp after birth or show evidence of Head's or Hering-Breuer reflexes to aid their lung expansion in the first few minutes (40) . These reflexes may be significant factors in establishing a FRC after birth in spontaneously breathing infants (17) . It was not possible to study unanesthetized lambs, and as some infants are too ill or immature to breathe at birth, our observations could provide an indication of what might happen in the most difficult clinical situation; that is, an apneic infant born by cesarean section without antenatal steroids or prophylactic surfactant.
Oxygen is toxic, particularly to the tissues of premature infants who have poor antioxidant defenses. Although there is a long-accepted practice of administering 100% oxygen during resuscitation, there is an increasing desire that infants should be resuscitated with the lowest concentration necessary (41) . In the current study, the use of 8 cm H 2 O of PEEP halved the inspired oxygen requirement after 10 min of resuscitation. This may be beneficial by maintaining oxygen saturation and reducing oxygen toxicity.
In conclusion, this study of very premature lambs ventilated from birth has shown that PEEP improves oxygenation, lung compliance, PaCO 2 , pH, and MAP. It seems that a PEEP of 8 cm H 2 O may be optimal, but this needs further investigation. Applying PEEP during resuscitation of very premature infants might be advantageous and merits further investigation.
